The Blue Economy has been growing in sectors such as offshore renewable energy, aquaculture, marine biotechnology, and deep sea mining. However, suitable wireless and mobile communications are lacking offshore. On the one hand, there is no coverage from terrestrial networks; on the other hand, satellite communications are still narrowband and expensive. Recently, the use of multi-hop airborne communications has been proposed to extend the coverage from terrestrial networks offshore but the communications range of these solutions is highly dependent on the height of the communications nodes. In this paper, we study the RF signal propagation in the maritime environment when the height of the receiver is changed and propose a position control approach for airborne multi-hop networks that maximizes the network capacity by taking full advantage of the signal reflections on the sea surface. The results obtained show that the proposed approach can provide lower propagation losses and higher network throughputs than random or fixed height approaches.
I. INTRODUCTION
The Blue Economy has been considered a driver for the whole economy [1] , [2] . It has experienced a relevant and sustainable growth in recent years in a multiplicity of sectors, from traditional activities such as maritime transportation, coastal and maritime tourism, aquaculture and marine biotechnology, to novel areas such as offshore renewable energy and seabed mining. These activities demand supporting technologies such as wireless and mobile communications to the platforms operating at the vast ocean territory, in order to connect humans and systems to the Internet.
The use of systems such as Autonomous Surface Vehicles (ASVs), Autonomous Underwater Vehicles (AUVs), and Remote Operated Vehicles (ROVs) is emerging at sea [3] . These unmanned vehicles are bringing up the era of the Internet of Things at sea, allowing a significant reduction of the cost and duration of surface and subsea missions. Retrieving large amounts of data from these vehicles is currently
The associate editor coordinating the review of this manuscript and approving it for publication was Gurkan Tuna . performed at surface level, since the technologies used for underwater communications, such as acoustic, RF and optical are still unable to provide enough bandwidth and range to exchange this data [4] - [7] . A broadband and cost-effective communications solution at surface level is then crucial for data collection, data analysis, and real-time remote control of these devices.
The provisioning of broadband Internet access close to shore is possible in locations where either mobile operators coverage is available or Wi-Fi-based long distance links can be deployed [8] - [10] . However, it becomes challenging to provide access to the Internet when distances in the order of tens or hundreds of kilometers from shore are required. Current solutions mostly rely on HF/VHF and satellite technologies. HF radios have been used in buoy-to-shore data exchange scenarios, but are unable to provide a broadband communications link [11] . VHF radios are usually used for ship-to-ship and ship-to-shore voice communications, thus providing a narrowband, single-application solution [12] . Satellite communications can overcome some of these problems and enable sea-to-shore communications [13] , but are typically narrowband as well [8] , and may introduce VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ undesired communications delay for real-time applications. Also, satellite communications represent a costly option due to high monthly fees and expensive equipment, which is even more relevant when this technology is required in a large number of devices [14] .
To overcome the current limitations of the communications at sea, several problems need to be addressed:
• Limited bandwidth: The bandwidth offered by HF/VHF and satellite communications is low, limiting the transfer of large datarates to shore -e.g., video.
• Cost: Expensive equipment and high cost-per-bit, especially for satellite communications, reducing the number of users and equipment that can be connected to the Internet.
• Antenna height and signal obstructions: The typical low height of the antennas at sea limits the possibility of creating long links from shore due to the Earth curvature, Fresnel zone obstructions, and other obstacles such as vessel masts and onboard equipment.
• Reduced mobile networks coverage: Due to the low antenna height at sea, the coverage of mobile networks is reduced. Moreover, the network planning of operators is targeted to serve terrestrial users, where the density is much higher than at sea.
• Sea waves: Sea waves have demonstrated to have a significant impact on communications at sea due to the variation of the antenna height and orientation. WiMAX was heretofore the technology considered to overcome some of these problems and reduce the dependency on satellite communications at sea. Experimental and simulation studies on buoy-to-ship point-to-point communications and multi-hop communications using ships as relay nodes for extending the range of ship-to-shore communications have been presented in [15] , [16] ; multi-hop routing protocols were also studied in [17] . Although promising, WiMAX did not address problems such as the limited effective range due to low antenna height, the undulation, and the wave height impact on the communications [16] , [17] .
Meeting the demand for long distance communications at sea requires higher transmitter and receiver altitudes to cope with the Earth curvature and allow clear line-of-sight communications. An aerial network can be a solution to overcome the low antenna altitude problem and allow the establishment of long distance wireless links. Helikites -a combination of balloon and kite, forming an easy deployable, all-weather and high-altitude tethered aircraft -have been proven effective and capable of surviving to harsh environments with winds up to 100 km/h for both military and civil applications [18] - [20] . In [21] a single-hop Helikite network was used in the FP7 ABSOLUTE project, where a 4G base station was deployed for disaster scenarios. The BLUECOM+ project [22] - [24] used a cost-effective set of semi-rigid helium-filled Helikites to form a multi-hop network, connected through long-range TV white spaces wireless links. This combination allowed to provide low-latency broadband Internet access at distances beyond 50 km from shore with a two-hop aerial network.
Despite this major achievement, during the sea trials performed along the project, it was found that the reflections of the signal on the sea surface play an important role in the radio channel quality. The effective communications range was seen to be highly dependent on the relative height of each airborne node forming the network. The initial assumption that the network would have the best performance when the Helikites were at the maximum possible height, in order to enable line-of-sight communications, was shown to be wrong.
The contribution of this paper is twofold. Firstly, we present an experimental study of the RF signal propagation at sea with the increase of the receiver height, using the BLUECOM+ solution, and conclude it plays a significant role in the range and capacity of the radio link. Secondly, we propose a positioning control approach for aerial multihop networks that finds the best position for each relay node on the network that maximizes the capacity of the communications chain, given the positions of end-nodes, the number of relay nodes, and the signal reflections on the sea surface. The relay node positioning problem is defined as an optimization problem, and solved using the Particle Swarm Optimization (PSO) technique. Results show that the proposed approach can assign the best height values for each airborne node, ensuring the lowest propagation losses and maximizing network throughput when compared with random and fixed height approaches.
The rest of the paper is organized as follows. Section II describes the related work. In Section III, the BLUECOM+ concept and architecture are detailed. Section IV presents the signal variation with the height of the aerial network nodes. In Section V the proposed height control approach is characterized and evaluated. Section VI concludes the paper and points out the future work.
II. RELATED WORK
The provisioning of a cost-effective communications solution for broadband Internet access at sea is still an open research topic. In this section we discuss the technologies available to enable maritime communications, which are still narrowband or not cost-effective. Multi-hop aerial networks, such as the BLUECOM+ solution, can overcome some of these problems but the height of the communications nodes has a great impact on the performance of the network. In order to better characterize this issue, we present the propagation loss models that have been proposed to model the radio propagation in the maritime environment.
A. MARITIME COMMUNICATIONS SOLUTIONS
Wireless broadband Internet access at sea is widely available close to shore, where 3G/4G coverage from mobile operators exists. The coverage is typically in the order of a few kilometers, despite the effort of some companies, such as Tampnet [25] and Telenor Maritime [26] , to extend 4G coverage through the deployment of off-shore 4G base stations. Yet, these base stations are typically tailored for oil and gas industry, and have high installation costs. In areas without cellular coverage and at distances where traditional long-range Wi-Fi links are not feasible, the communications at sea are based on HF/VHF and satellite. The recent efforts on digitization of the HF/VHF bands with the VHF data exchange system (VDES) [27] , [28] , improves the current implementation of Automatic Identification System (AIS) to a much higher rate, an important step towards the e-Navigation strategy developed by the International Maritime Organization (IMO). Despite the improvements, VDES is still limited to bitrates of about 300 kbit/s, thus not being able to provide broadband communications.
In order to overcome the drawbacks of satellite communications, namely the limited bandwidth, high end-to-end delay, and the high cost per bit, many research groups have focused on WiMAX based solutions. In [16] the authors tested near shore for buoy-to-ship point-to-point communications using the 5.8 GHz frequency band. In [15] the propagation characteristics, impact on antenna height, sea waves and vessel's movement were studied on ship-to-shore point-to-point communications using the same frequency band; the authors also proposed a new path loss model and the use of relay buoys to extend the communications range in ship-to-shore case. A multi-hop ad-hoc routing protocol and a cognitive medium access control mechanism is proposed in [17] for long-range WiMAX-based ship-to-ship and ship-to-shore communications. The authors took into consideration the effects of sea waves and concluded that they are responsible for perturbations on the altitude of the ships, thus leading to fluctuations in the received signal strength. Although promising, WiMAX did not succeed and was overtaken by LTE.
Long-range Wi-Fi-based links can be an alternative to mobile operators in scenarios closer to shore. In the Mare-Fi project [9] , the problem of broadband maritime Internet access for fisheries was solved by creating a novel communications solution based on TV white spaces frequencies in the 700 MHz band. MARBED -MARitime wireless networks testBED was created within the project and was able to validate the solution for one land station and a fishing ship in the Atlantic coast close to Porto, Portugal [8] , [10] , [12] . With this solution, it was possible to provide broadband Internet access from shore at distances up to 10 km. In order to guarantee the compatibility with standard end-user devices such as smartphones, an IEEE 802.11a/b/g/n access point was connected to the sea communications node installed onboard the ship. The low height of the antennas mounted on the ship was a key factor for the limited range, causing Fresnel zone obstruction and, consequently, signal degradation.
Aerial networks, namely helium balloons, have been successfully used on land and sea environments to tackle the low antenna height problem and enable communications at longer distances by minimizing the effect of the Earth curvature and line-of-sight communications. Helikites -a combination of balloon and kite -were used in military and civil applications, capable of withstanding winds up to 100 km/h [18] - [20] . In fact, due to its design and shape, wind has the effect of pushing the Helikite upwards, creating even more lift unlike other aerostats. This leads to a more stable operation and less deviation from the point of tethering. In the FP7 ABSO-LUTE project a Helikite was used to create a 4G base station targeting disaster scenarios [21] . The Loon project from Google considers the use of helium balloons to provide Internet access to rural and remote areas and after disasters [29] . Unlike Helikites, Loon balloons float in the stratosphere at altitudes twice as the commercial planes and travel around the Earth making use of well-known wind currents. Due to the higher altitude, its endurance is higher, but since they are not tethered it becomes impossible to add coverage to a specific targeted area, on demand.
In the BLUECOM+ project a cost-effective set of semirigid tethered Helikites was used to form a multi-hop network, as shown in Fig. 1 . This multi-hop network was composed of long-range wireless links operating in TV white spaces frequencies [22] - [24] , which increased the range of the communications links between the Helikites. The access to the end-users was assured by an IEEE 802.11n access point, requiring no changes to the users equipment [22] . The BLUECOM+ communications solution allowed to provide an easy deployable, all-weather high altitude relay for lowlatency broadband Internet at distances beyond 50 km from shore. This solution is further detailed in Sec. III.
B. MODELS FOR RADIO PROPAGATION OVER THE SEA SURFACE
The maritime environment has specific RF signal propagation problems. Some of these problems can be associated to sea waves which create a variable surface to signal reflections and intermittent line-of-sight (LoS) conditions, especially at large distances and low antenna heights. Other propagation problems are associated to space scattering and adverse weather conditions [30] - [36] . Also, for long distances, in the orders of tens of kilometers, the Earth curvature and First Fresnel Zone clearance may become an issue due to the power reduction of the dominant LoS path [37] and, in extreme cases, even a NLoS condition. This problem typically becomes more relevant in land-to-sea communications, due to the low altitude of the receiver antenna at sea with respect to the sea surface. On the other hand, the ducting effect over the sea surface can result in the ability to provide near-surface beyond line-ofsight (BLOS) communications under specific meteorological conditions, which should be taken into consideration when analyzing the received signal strength results at sea [38] .
Multiple experimental studies have been performed to evaluate the best propagation model for land-to-ship communications. In [39] the authors studied the wireless radio channel at 2.4 GHz in the Yellow Sea for distances up to 2 km. The two-ray model has shown to fit the experimental results for large-scale fading; the two-ray model considers the direct path between the transmitter and the receiver and a reflected ray at the sea surface. On the other hand, the experimental results have shown significant fluctuations in the Received Signal Strength (RSS) due to sea waves and multipath fading. The sea reflections effect on open sea environment at 2 GHz was also observed in [40] and [41] for distances up to 45 km. In [42] it is shown that the two-ray model is adequate for UHF bands and that the receiver height can have a great impact on the RSS.
A modified two-ray model was proposed in [43] for Line of Sight ship-to-ship communications at 35 GHz and 94 GHz, which are candidate frequency bands for 5G. The two-ray model was modified by adding an exponential coefficient whose value is frequency-dependent and adjusted to the sea environment for distances over 2 km. In [44] , [45] the authors propose a deterministic Round Earth Loss (REL) model for open-sea environment at 2 GHz, which is based on the two-ray model and considers effects such as scattering, diffraction, rough sea conditions, and the earth curvature. The proposed model outperforms the ITU-R model, which is an empirical method for point-to-area predictions for terrestrial services in the frequency range from 30 MHz to 3 GHz that also considers sea paths and/or mixed land-sea paths, and considers the shadowing and scattering effects on the fading amplitude when the 60% First Fresnel Zone clearance is not met.
Two comprehensive surveys on the different models available for the radio propagation over the sea are presented in [46] and [47] . The authors present and discuss the key features and the different models, taking into consideration other factors and parameters that can affect the propagation of near-sea-surface such as weather conditions, undulation, and mobility. In [46] the authors conclude that although the empirical path loss models can predict the average RSS, they fail to predict the signal variations from the multipath propagation, namely the reflected rays at the sea surface; a ray path loss model should be considered and has proven to be accurate for a number of measurement campaigns at sea. Despite the models presented, the authors conclude that it is difficult to provide a model that can take into account all the parameters affecting the propagation at sea.
When considering airborne networks, besides the land-tosea wireless channel it is important to consider also the airto-surface wireless channel for the clients that will be served by the airborne network. In [46] the air-to-surface wireless channel is discussed; it suffers from the same sparsity, instability, and ducting effects as the land-to-sea wireless channels and it can be modelled by a two-ray or three-ray propagation model. The air-to-surface wireless channel is typically used to provide connectivity to the end-users at the surface. Therefore, the effectiveness of an aerial network can be measured by the throughput and the coverage radius achieved. Previous work on the literature has focused in optimizing the altitude of the aerial network to provide maximum coverage, such as in [48] - [50] , considering a trade-off between coverage and maximum allowed path loss. In [51] the authors compute the best altitude of an UAV to operate as a relay. However, this optimization was not experimentally validated and does not consider multi-hop relaying.
The behaviour of the models with the variation of the receiver height on maritime environment was not analyzed in these studies. Since this variation in height implies a great signal strength variation for propagation models that consider reflected rays, the height of each node on the airborne network should be computed carefully to avoid loosing any air-to-air link. Due to the long distances considered, the path loss of multi-hop land-to-sea communications will be significantly higher than the air-to-surface path loss. Thus, the positioning of the aerial network should seek primarily the optimization of the land-to-sea link.
III. THE BLUECOM+ COMMUNICATIONS SOLUTION
In this section we describe the BLUECOM+ solution, used for performing the study of the RF signal propagation at sea. This novel solution considers the usage of an aerial backhaul network of tethered Helikites that can be attached to existing structures -e.g., lighthouses, oceanographic buoys, wind farms, and oil and gas offshore platforms -to act as a variable height base station, as illustrated in Fig. 1 . The high altitude of the balloons enables line-of-sight communications and reduces the influence of the undulation and other obstacles in the radio link. With this solution, low antenna height, signal obstructions, and sea waves influence are mitigated.
In order to increase the communications range, the BLUECOM+ communications solution considers a multihop network of balloons, acting as relay nodes. The backhaul air-to-air link uses sub-GHz frequencies such as 500 and 700 MHz. These frequencies are also known as TV white spaces frequencies and are within the operation range of the IEEE 802.11af standard [52] .
The connection between the balloons and the users at sea level is done using standard access technologies, such as IEEE 802.11 and 4G, requiring no changes to the users equipment, thus reducing the cost of the solution and increasing the number of devices that might be connected to the network. The BLUECOM+ solution also considers the provisioning of acoustic communications mounted on buoys, ASVs, and vessels, allowing end-to-end communications between underwater devices -e.g., AUVs and ROVs -and devices on shore for command and control and data retrieval.
The BLUECOM+ architecture is presented in Fig. 2 . The Land Wireless Router (LWR) is typically mounted at a high location on shore, such as a lighthouse, and is responsible to connect the BLUECOM+ network to the Internet. The balloons, named Tethered flying Wireless Router (TWR) are placed at sea and lifted at high altitude (tens to hundreds of meters), to guarantee Fresnel zone clearance. The air-to-air wireless links are based on a low cost and low power IEEE 802.11g-like links at 500 or 700 MHz frequencies. The airto-surface wireless link is used to connect the clients such as buoys, vessels, and ASVs. Standard access technologies such as IEEE 802.11a/g/n/ac/ax and GPRS/UMTS/LTE are considered, reducing the cost of the end-user equipment and increasing the compatibility with legacy devices installed at sea, for instance, on AUVs and ASVs.
The BLUECOM+ communications solution was validated using a proof-of-concept prototype. Three sea trials were performed in the Atlantic Ocean, off the Portuguese coast near Sesimbra area. The LWR was installed at 156 m from sea level in Cape Espichel lighthouse. Two TWR were tethered to coastal and oceanographic vessels. Experimental results proved that the BLUECOM+ solution is able to support human and system activities at remote ocean areas and achieve throughput in excess of 1 Mbit/s beyond 50 km from shore with a single TWR. Helikites have proven to be a durable and cost-effective alternative to satellite communications, being easy to maneuver at low wind speeds and stable at higher wind speeds.
IV. ANALYSIS OF THE SIGNAL VARIATION WITH THE AIRBORNE NODE HEIGHT
Despite the major achievements of the BLUECOM+ solution in terms of bandwidth and range, we found that the reflections of the signal at the sea surface had a great impact on the communications performance and availability, especially at distances over 10 km where the signal-to-noise (SNR) ratio was very small. The relative height of the LWR and each one of the TWR should then be taken into consideration to optimize the network performance and push the communications range to the limit. Despite the signal analysis has been VOLUME 8, 2020 performed using the BLUECOM+ solution, i.e., through helium balloons, it is valid for any airborne network.
A. PROPAGATION MODELS AT SEA
Radio wave propagation can be affected by a multiplicity of factors, making it challenging to design a broadband, long-range, and reliable wireless link. Besides the path loss, the propagation of signals may suffer shadowing, multipath, and interference that can, in most cases, negatively affect the radio link quality.
Assuming there are no obstacles between the transmitter and the receiver, the wireless channel can be modelled by the well-known free space path loss (FSPL) model, defined by Eq.1 [53] , [54] .
L FSPL (dB) = 10 log 10 P t P r = −10 log 10
where G l represents the product of the transmitting and receiving antenna gains (equal to 1 in non-directional antennas), λ is the wavelength in meters, and d represents the distance in meters between the transmitter and the receiver. When considering an aerial network formed by helium balloons, such as the one in BLUECOM+ (Fig. 1 ), or drones [49] , we may assume that, since there are no obstacles, the communications will be performed in line-of-sight conditions and that the FSPL model is able to model the total channel loss, with a single path between the transmitter and the receiver. In fact, as seen in Section II, this assumption may not be true, especially at sea where many factors influence the radio propagation, such as rain, fog, large thermal variations, and undulation.
As seen in Sec. II, the two-ray model is one of the models that fits the radio propagation at sea [46] , [47] , [55] , [56] . Besides the direct path between the transmitter and the receiver (LoS), the two-ray model considers the existence of a reflected ray at the sea surface. The amplitude and phase of the reflected ray depends on the reflection coefficient which, in turn, depends on the relative permittivity r of the sea water (dielectric constant of water over the dielectric constant of free space 0 ), the incidence angle ψ defined between the reflecting plane and the incident ray, frequency f at which the radio link is operating, and the conductivity σ of the sea water. Assuming a smooth surface, the reflection coefficient for a vertical polarization wave, ρ v , is given by [54] :
where ω represents the angular frequency of the transmission.
Since the distance between the transmitter and the receiver (in the order of kilometers) tends to be much higher than the transmitter and receiver altitude (in the order of tens or hundreds of meters), we face the case of grazing incidence, i.e., the transmission is done nearly parallel to a surface and ψ = 0. At grazing incidence ρ v becomes -1.
The received electric field is described as
with E d being the electric field from the direct wave and φ being the phase difference between the direct and reflected path which, for a long distance d, can be considered φ = 2π 2h t h r /λd, where h t and h r are respectively the transmitter and receiver heights, in meters, d is the distance between transmitter and receiver, in meters, and λ is the wavelength in meters. Assuming grazing incidence (ρ v = −1) and Eq. 4 becomes
Therefore, the loss of the two-ray model can be simplified to [43] , [53] - [57] : L 2ray (dB) = −10 log 10 λ 2 (4π d) 2 
B. BLUECOM+ SEA TRIALS
As part of the third BLUECOM+ sea trial carried out during three days out off the Portuguese coast, in the Atlantic ocean, we conducted tests to assess the validity of the two-ray propagation loss model to characterize the radio propagation in an aerial network operating above water. Fig. 3 shows the trajectories of the vessel that was used to launch the TWR and the distance to the LWR. The TWR, shown in Fig. 4 consisted of a 7 m 3 Helikite, with communications and power box, and custom designed antennas for 509 MHz operation. The power box consisted of two power banks and DC-DC converters for powering the system for a full 1-day sea trial. Instead of the traditional analysis considering the received power versus distance, we analyzed the received power versus the altitude of the TWR. We changed slowly the TWR height using an electric winch, from sea level up to 140 m in three different runs and measured the received power from the LWR at the TWR at different distances from shore; the same measurements were made in the opposite direction. We then compared the measured values against the two-ray model. recorded every second, it was possible to compute the height of the TWR with a precision one magnitude greater than using a traditional GPS. The sensors were calibrated at the same height before starting the experiments. The tidal measurements were collected from the Portuguese Institute of the Sea and the Atmosphere (IPMA) in order to correct the relative positioning of the nodes along the days. Fig. 5a shows the received signal power for a TWR at 20 km from the LWR. The received power was measured at the TWR and at the LWR and compared with the two-ray model. We can observe that the average received power at the TWR and LWR does not follow a straight line when the height of the TWR is increased. Instead, the variation follows the shape of the two-ray model, despite some misalignment. This misalignment can be justified by incorrect tidal measurements, wrong estimation of the height between the onboard pressure sensor and the sea surface, or wrong estimation of the LWR, that have a direct impact on the two-ray model. We could see that despite the fluctuation, the radio link was active at heights from 15 m up to 140 m, with some disruption when the TWR was at approximately 110 m from the sea level.
In the second test (Fig. 5b) , the TWR was moved to 30 km from shore. Here, the TWR altitude had more impact since we are closer to the sensitivity of the wireless card. The radio link was only active when the height of the TWR was between 60 and 100 m above sea level or higher than 110 m. The two-ray model matches again the experimental results, where the radio link was broken when the height of the TWR was between 50 and 102 m from the sea level.
The third test (Fig. 5c) shows a similar behavior, where communication is only possible in two regions: from approximately 10 to 50 m and from 80 to 120 m. Here we can see the effect on the obstruction of the first Fresnel zone and the rapid signal degradation below 20 m. The last test was done at 37 km from shore (Fig. 5d) , and also shows a specific height region where the communication is possible, matching the two-ray model.
These results show a good match between the two-ray model and the experimental results obtained. They also show that the height variation has a big impact on the received signal power. A careful selection of the height of the TWR is then crucial, especially if a long multi-hop network is considered; the lack of communication at one of the radio links may disconnect the whole aerial network to the LWR.
V. HEIGHT CONTROL APPROACH
In this section we present the Height Control (HC) approach that aims at optimizing the position of the nodes forming the aerial multi-hop network at sea, such as a set of tethered balloons or drones. For simple cases with one or two hops, we can calculate the height that minimizes the path loss for a given distance between each node using Eq. 7. For the general case, we formulate the problem as an optimization problem and use the particle swarm optimization (PSO) technique to find the optimal position for the TWRs forming the multi-hop aerial network.
A. 1-HOP AND 2-HOP AERIAL NETWORK
In this section we show how we can find the optimal height for the airborne nodes considering 1-hop and 2-hop aerial networks with a given distance between each node. By analyzing Eq. 7, we can observe that it has two components: the first component ( λ 2 (4πd) 2 ) is related to the free space path loss (direct ray); the second is periodic and related to the reflected ray. Thus, the minimum path loss for one radio link at a given distance d occurs when the sin 2 function reaches its maximum value, that is, when 2π λ
Eq. 9 provides the relation between the heights of the transmitter and the receiver. It is important to guarantee also that h r , h t ≤ h max , which is the maximum height that the network can operate at, due to regulatory and operational restrictions. Using Eq. 9 and considering the case of BLUECOM+ with an LWR at 172 m, a carrier frequency of 509 MHz, and the first TWR for instance at 50 km far from shore, the minimum loss is achieved at:
If we consider a maximum height of 150 m above sea level for the TWR, there are two optimal heights: 42.8 m and 128.4 m.
If we add another TWR to the network, as illustrated in Fig. 2 , with the first TWR acting as a relay to the second TWR, besides the possible heights for the first TWR we now have other possible heights for the second TWR based on each possible height for the first TWR. Using the same example, if the LWR is at a height of 172 m, and the first TWR is 50 km from the LWR at a height of 42.8 m, the second TWR (50 km away from the first TWR) should be at 172.0 m. If the first TWR is at 128.4 m, the second TWR can be at 57.3 m, 172.0 m or 286.6 m. Considering the 150 m restriction, the best and only viable option is: h TWR = 172.0 m, h TWR1 = 128.4 m, and h TWR2 = 57.3 m, which provides the minimum path loss on each wireless link.
Being L LWR−TWR1 and L TWR1−TWR2 respectively the path loss between LWR and TWR1 and between TWR1 and TWR2, Fig. 6 plots the sum of L LWR−TWR1 and L TWR1−TWR2 for h LWR = 172 m and h TWR1 and h TWR2 from 1 to 300 m. The lines indicate zones where the performance of the network is expected to be the same since the sum of the path loss in each radio link is the same; the lighter the color, the lower the attenuation. We can observe that the minimum sum of losses is achieved at the heights given by Eq. 9 for each pair of communicating nodes.
The configuration of optimal height values for each TWR may not be feasible due to operational or regulatory restrictions. In the example given herein, if the maximum allowed height is 120 m instead of 150 m, no solution exists: TWR1 would have to be at 42.81 m height, but TWR2 would have to be raised up to 172 m to be able to minimize the path loss, which would violate the maximum height possible. 
B. M-HOP AERIAL NETWORK
While obtaining the optimal heights for 1-hop and 2-hop aerial networks may seem straightforward, the solution is more complex if we want to optimize the position of the TWR for larger networks. In this case, there are more variables than the number of available equations. In order to solve this problem and provide solutions where the maximum of the sin component of Eq. 7 can not be met due to the maximum allowed height restriction, we model the problem as a Particle Swarm Optimization (PSO) problem [58] , [59] .
PSO is a simple and efficient method for optimizing nonlinear functions by iteratively improving a candidate solution, according to a quality measure (the fitness function). The PSO algorithm is described in Algorithm 1. It starts by distributing randomly a population (swarm) of particles i (candidate solutions) within the lower and upper boundaries of the search-space. The search-space has two different dimensions: the height of a TWR, whose boundary values vary between the minimum and maximum TWR heights, and the euclidean distance between a pair of neighbor airborne nodes. This distance can be bounded to existing infrastructure (e.g. buoys), or can be kept variable and dependent on the desired range of multi-hop network, the existence of a positive link budget, and the number of airborne nodes (relays) available. p i and v i represent respectively the position (x,y,z) and velocity of each particle, and pbest i is the best known position for each particle.
Given the position of the particles, the fitness to the objective function is evaluated for each particle, and the pbest i is updated, if better than previous. PSO stores the best fitness value achieved among all particles in the swarm. This value is called the global best fitness and is represented by g. The best Algorithm 1 Algorithm for PSO Optimization [59] Input: Minimum (h min ) and maximum (h max ) heights, x and y position of every node Output: Optimal height for each node begin Initialize p i , v i and pbest i for each particle i; while (not termination condition) do for each particle i do Evaluate objective function; Update pbest i ; end for each i do Set g equal to index of neighbor with best pbest i ; Use g to calculate v i ; Update p i = p i + v i ; Evaluate objective function; Update pbest i ; end end end swarm particle is then used to calculate the v i , which depends on a inertial coefficient w, and on the acceleration coefficients c1 and c2 (learning factors). During the iterative process, the particles are moved around in the search-space following this variable velocity and position technique. The position of each particle are updated and individual best fitness and positions are compared with the obtained value against the previous individual fitness. If the fitness is better, the position is updated.
The particle's movement is not only influenced by its local best known position, but it is also guided towards the best known positions of the swarm in the search-space. These best positions are found, in turn, by other particles, leading progressively the swarm to the best solution, i.e., the global minimum (or maximum) of the objective function. This process is repeated until a termination condition is met. This condition can represent, for instance, the maximum number of iterations of the PSO algorithm, the number of iterations since the best global best solution was found, or that a certain tolerance was achieved.
Due to the multi-hop chain topology, the maximum bitrate will be limited by the link with the lowest capacity. Therefore, the position of each airborne node should be determined in order to maximize the minimum capacity considering all the links in the path towards the LWR. Since the capacity is inversely proportional to the signal loss, the problem can be defined as a min-max optimization problem. Using Eq. 7 and considering d (n−1),n the distance between the airborne node n − 1 and the next node n on the network, and λ the wavelength, the optimization problem is defined as shown in Eq. 11, subject to the conditions of Eq. 12 -14.
min max(L LWR,TWR1 , L TWR1,TWR2 , . . . , L (n−1),n ) (11) s.t. L (i−1),i = −10 log 10 λ 2
with h min and h max being positive and respectively the minimum and maximum height of each airborne node and d total the distance between the first node and the last node of the airborne network (network range). The PSO computes the position of each airborne node placing the relays between the LWR and the point where the Internet access is required, i.e., at the last TWR. Other PSO parameters considered are shown in Table 2 . The population size corresponds to the number of particles used in the optimization process and should be carefully tuned in order to guarantee the desired convergence. Each PSO optimization was performed 10 times to avoid the possibility of premature convergence to local minimums. The solution corresponds to the values of the best run. The PSO optimization algorithm is assumed to run in a central node that may or may not have the knowledge of the x,y position of the airborne nodes. The central node runs the PSO optimization, sets the height for each node of the aerial network, and calculates the distances between neighbor nodes. If specific x,y position of TWR are required, due to existing infrastructure, the last condition of the objective function is ignored, and the PSO will only calculate the optimal height of each TWR. 
C. EVALUATION OF THE HEIGHT CONTROL APPROACH
The HC approach was evaluated for the multi-hop aerial network shown in Fig. 2 using ns-3 simulator and IEEE 802.11 ad-hoc network, since the deployment of several Helikites simultaneously was not possible during the third BLUECOM+ sea trial. ns-3 [60] is an open-source, discrete-event network simulator, primarily used for research and educational purposes, which offers several models for devices and protocols for wired and wireless networks. The implementation of two-ray model on ns-3 (ns3::TwoRayGroundPropagationLossModel) does not provide accurate results for short distances. It ignores the fluctuations due to constructive and destructive combination of the two rays. Below a crossover distance, the Friis model is used. The crossover distance is described by Eq. 15.
Since the crossover distance is high for the distances and heights considered, we have implemented in ns-3 the tworay model defined by Eq. 7 in order to be able to obtain more accurate results.
Three scenarios were considered for evaluating the HC approach, including one LWR and one to three TWR, in a row (same configuration as in Fig. 2 ). The distance between each node was defined and varied between 10 and 50 km and 10 simulations with different seeds were run. The LWR was set to 172 m and each TWR was set to three different altitudes: 1) random height, 2) maximum allowed height, 3) height given by the PSO. The simulations parameters were set to match the experimental values of Table 1 .
Scenario 1 considers one LWR and one TWR. The simulation results shown in Fig. 7a show that the random height approach achieves variable throughput results, while the results given by the HC approach outperforms the other two. While the fixed maximum height of 120 m provided similar results to the HC approach for a distance of 20 km, it was not possible to communicate at that altitude when the distance between the two nodes was 10 km. This is due to the fact that at 10 km, the signal considering h LWR = 172 m and h TWR1 = 120 m is severely affected by a destructive combination of the direct and reflected ray, resulting in no radio connection established.
The second scenario, shown in Fig. 7b , considers one LWR and two TWR in a row spread equally. We can see from the results that the HC approach outperforms the random height approach at every distance. The throughput is lower than in Scenario 1 because we are measuring end-to-end throughputs -from the second TWR to the LWR via the first TWR, and due to the fact that the multi-hop airborne network only uses one radio for the airborne network. We can also observe that the communication at 10 km is still not possible, since the link between LWR and TWR1 is below the sensitivity of the wireless card.
In the third scenario, shown in Fig. 7c , we consider one LWR and three TWR in a row (3-hop communications). Once more, we can observe that the HC approach outperforms the other approaches, especially the random approach where the radio link could not be established at distance of 20 and 30 km.
The results obtained show that the HC approach, by minimizing the maximum signal loss of a multi-hop chain, is able to provide higher throughput when compared with random and the fixed height approaches for all considered scenarios. Although the analysis was performed using IEEE 802.11 network, the same approach is applicable to other technologies.
VI. CONCLUSION
The development of cost-effective solutions for broadband Internet access to connect humans and systems at sea is very challenging due to the lack of infrastructure, the long distances involved, and the inherent RF signal propagation characteristics. Multi-hop aerial networks can be a solution to extend the operators coverage and overcome problems of signal obstructions due to waves, absence of Fresnel Zone clearance, and Earth curvature, by controlling the antenna height.
In this paper, we have studied the RF signal propagation at sea as a function of the receiver height on a three-day sea trial using the BLUECOM+ solution, which consists of a multi-hop aerial backhaul network of tethered Helikites -Tethered Wireless Router (TWR). The position of each communications node was measured by GPS with RTK corrections and pressure sensors, to increase the height precision. The height was varied from sea level to 140 m using an electric winch. The sea trials have proven that the height of the TWR play a significant role in the received power. By taking advantage of the signal reflections on the sea surface, we have proposed a height control approach for aerial networks that computes the position for each airborne node that maximizes the received signal strength, thus increasing the network capacity or the network range. The relay node positioning problem was defined as an optimization problem and solved using the Particle Swarm Optimization (PSO) technique. The results obtained show that the height control approach outperforms the random and the fixed height approaches in terms of throughput for all considered scenarios. Future work includes the creation of a protocol for assigning the computed TWR heights and the implementation of failover mechanisms in case of node isolation, for instance, height scan in order to find the neighbors and reestablish network connectivity. The use of machine learning can also help fine-tuning the propagation model by taking into consideration different weather conditions.
